Walking is a complex rhythmic locomotor behaviour generated by 26 sequential and periodical contraction of muscles essential for 27 coordinated control of movements of legs and leg joints. Studies of 28 walking in vertebrates and invertebrates have revealed that 29 premotor neural circuitry generates a basic rhythmic pattern that is 30 sculpted by sensory feedback and ultimately controls the amplitude 31 and phase of the motor output to leg muscles. However, the identity 32 and functional roles of the premotor interneurons that directly 33 control leg motoneuron activity are poorly understood. Here we take 34 advantage of the powerful genetic methodology available in 35 Drosophila to investigate the role of premotor inhibition in walking 36 by genetically suppressing inhibitory input to leg motoneurons. For 37 this, we have developed a novel algorithm for automated analysis of 38 leg motion to characterize the walking parameters of wildtype flies 39 from high speed video recordings. Further, we use genetic reagents 40 for targeted RNAi knockdown of inhibitory neurotransmitter 41 receptors in leg motoneurons together with quantitative analysis of 42 resulting changes in leg movement parameters in freely walking 43 Drosophila. Our findings indicate that targeted down regulation of 44 GABA A receptor Rdl in leg motoneurons results in a dramatic 45 reduction of walking speed and step-length without the loss of 46 general leg coordination during locomotion. Genetically restricting 47 the knockdown to the adult stage and subsets of motoneurons yields 48 qualitatively identical results. Taken together, these findings identify 49 GABAergic premotor inhibition of motoneurons as an important 50 determinant of correctly coordinated leg movements and speed of 51 walking in freely behaving Drosophila. 52 3 KEY WORDS 53 Walking, Pre-motor inhibition, interneurons, leg motoneurons, Speed 54 SIGNIFICANCE STATEMENT 55 Inhibition is an important feature of neuronal circuit and in walking 56 it aids in controlling coordinated movement of legs, leg segments and 57 leg joints. Recent studies in Drosophila reports the role of premotor 58 inhibitory interneurons in regulation of larval locomotion. However, 59 in adult walking the identity and functional role of premotor 60 interneurons is less understood. Here, we use genetic methods for 61 targeted knockdown of inhibitory neurotransmitter receptor in leg 62 motoneurons that results in slower walking speed and defects in 63 walking parameters combined with novel method we have developed 64 for quantitative analysis of the fly leg movement and the observed 65 changes in walking parameters. Our results indicate that GABAergic 66 pre-motor inhibition to leg motoneurons is required to control the 67 normal walking behaviour in adult Drosophila. 68 69 70 4 71 Walking is a complex rhythmic locomotor behavior that requires the 72 coordinated control of movements among legs, leg segments and leg 73 joints (1-5).While the complete neural circuitry of the motor control 74 networks that orchestrate this control is not known in any animal, 75 significant progress has been made in understanding the general 76 organization of the underlying networks. Studies of reduced preparations 77 in vertebrates have revealed that premotor interneuronal circuits present 78 in the spinal cord are capable of generating patterned rhythmic locomotor 79 activity and distributing this activity to motoneurons (6-8). Furthermore, 80 in several cases the function of identified spinal interneuron types in this 81 type of fictive locomotion has been elucidated (9, 10). However, the 82 complexity and the difficulty of genetic intervention in vertebrate models 83 have made the cellular identification and functional analysis of these 84 premotor control circuits difficult. 85 Invertebrate models have reduced complexity and for some of them, such 86
INTRODUCTION 7
To auto-detect the movement of all six legs in their entirety given the 155 video frame of a fly, a novel algorithm was developed using an open 156 source image analysis software package -Fiji (2013 lifeline version). In 157 this algorithm, light intensity thresholding was used to obtain a binary 158 image of the fly and its contour was auto-selected as a full ROI (region of 159 interest). Subsequently, the full ROI was adjusted such that legs were 160 uncovered (torso ROI) and individual leg ROIs are computed by pixel-161 wise logical XOR between the full ROI and the torso ROI ( Fig. 2A) . 162 (Alternatively, in simplified terms, this algorithm can be described 163 according to binary morphological operations of erode and dilate as 164 follows: erode the binary mask of the fly n times such that only the 165 partially eroded torso remains, dilate the binary mask of the torso n times 166 in order to restore the size of the torso, compute a third binary mask by 167 performing a pixel-wise XOR operation between the full fly binary mask 168 and the torso binary mask, obtain the binary mask of all six legs without 169 the torso). After the leg's ROIs were isolated, the leg-tip coordinates 170 were extracted for further analysis. contact with the substrate and is moving in an anterior to posterior 184 direction relative to the body. The dynamics of swing/stance events for 185 each of the six legs time was represented in a diagram similar to the "gait 186 diagram" traditionally used to visualize walking gaits (Fig. 2D ). To 187 indicate the degree of coordination between legs, concurrency scores 188 were calculated and depicted in the concurrency score pie chart ( Fig. 2E) . (decreased stance duration) than the slower walking groups (Fig. 3D ).
9
The largest difference in the duration of retraction (stance duration) 213 between the fastest and the slowest walking group was ~30ms. The 214 fastest walking animals thus complete each metachronal wave in ~33% 215 less time than the slowest walking animal. We also observed that the 216 concurrency state proportions change with respect to walking speed.
217
Concurrency state 3 corresponding to a tripod gait is proportionately 218 more prevalent for faster walking flies than for slower walking flies ( To determine if pre-motor inhibition of leg motoneurons might be 227 important for correct walking behavior, we conducted a screen for Initial screening for walking deficits in these RNAi knockdown 237 experiments was carried out using a soot assay of leg footprints (36, 17).
238
In this prescreen, the targeted knockdown of the GABA A receptor Rdl 239 (Resistance to dieldrin) resulted in a prominent walking phenotype 240 10 characterized by shorter step length as compared to controls ( Fig. 4B ).
241
For a more extensive characterization of the walking behavior deficits 242 that resulted from this targeted Rdl knockdown, we used our automated 243 video analysis to characterize the relationship between walking speed and 244 leg swing and stance phase characteristics in a quantitative manner. Given that Rdl is an ionotropic inhibitory neurotransmitter receptor, these 259 results suggest that normal, wild type-like walking behavior requires 260 inhibitory pre-motor input to leg motoneurons mediated by GABA acting 261 through the Rdl receptor. behavior, we took advantage of a generated VGN 1-Intron Reg-3 Gal4 301 driver. This driver targets reporter gene expression to only a small subset 302 of leg motoneurons that innervate the trdm, fedm, tidm, and tadm 303 muscles of the leg ( Fig 6A) .
304
Soot assay print assays reveal that motoneuron subset-specific targeted 305 Rdl knockdown also caused walking behavior phenotypes ( Fig 6B) .
306
Detailed quantitative characterization of these walking phenotypes using 307 video analysis showed that the flies had reduced walking speeds ( Fig 6C) Nevertheless, these findings suggest that the suppression of premotor 320 inhibitory input, even if it is limited to a small subset of leg motoneurons, 321 is sufficient for perturbation of normal walking behavior. To investigate this, we repeated the OK371Gal4 driven Rdl knockdown 339 experiments in a Tsh-Gal80 background. Tsh-Gal80 does not affect the 340 Gal4/UAS system in the central brain (37). However, it inhibits the 341 Gal4/UAS system in all of the neurons of VNC, including motoneurons, 342 as can be seen by using OK371Gal4 to drive a UAS-GFP reporter in a 343 Tsh-Gal80 background ( Fig 7B) .
345
Soot print assays reveal that, the walking pattern observed for the OK371 346 targeted Rdl knockdown animals in a Tsh-Gal80 background corresponds 347 to that of wild type controls ( Figure 7D ); no walking deficits were 348 apparent in the soot print assay. Quantitative characterization of these 349 walking phenotypes using video analysis also showed that walking The insight into the role of premotor inhibition in walking control 381 reported here is the result of two key experimental methodologies.
382
The first is the highly specific genetic access to identified neuronal 383 populations that can now be attained in the Drosophila model system. was from below resulting in high contrast images ( Fig 1B) . An 487 automated recognition procedure was employed to extract the leg 488 movements of the freely walking fly from the recorded video images; 489 only linear walking sequences were selected. For this, thresholding based 490 on light intensity differences was used to demarcate the fly torso, 491 watershed filtering was employed to delimit head, thorax and abdomen 492 and computation of a body axis orientation vector based on these three 493 body parts was carried out (Fig. 1C) . Subsequently, based on the dynamic 494 changes of this vector, the fly's motion was transformed from the 495 camera's frame of reference to an inertial reference frame (fly's frame of 496 reference) (Fig. 1D ). This provided a stable image of the fly suitable for 497 auto-detection and analysis of leg movements. 3-4 day old flies starved 498 for 2-3 hours were used for recording. Adult brain and thoracic ganglia were dissected in phosphate buffer 503 saline (pH 7.8) (PBS) and fixed in 4% buffered formaldehyde for 45 min 504 at 4°C. Staining procedures was performed as previously described (17).
505
Imaging of adult brain and thoracic ganglia were performed using 506 Olympus FV 1000 confocal microscope at 1 micron intervals. The 507 imported Z stack images were processed using FIJI and Adobe photoshop 508 for further adjustments in brightness and contrast. 
